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Rydberg-atom-enabled atomic vapor cell technologies show great potentials in developing devices for quantum en-
hanced sensors. In this paper, we demonstrate laser induced DC electric fields in an all-glass vapor cell without bulk
or thin film electrodes. The spatial field distribution is mapped by Rydberg electromagnetically induced transparency
spectroscopy. We explain the measured with a boundary-value electrostatic model. This work may inspire new ideas
for DC electric field control in designing miniaturized atomic vapor cell devices. Limitations and other charge effects
are also discussed.
I. INTRODUCTION
Recent efforts to coherently prepare and precisely manip-
ulate physical systems at a quantum level1–4 have led us to
the dawn of a new era for applications based on laws of
quantum mechanics. These applications range from funda-
mental quantum-based sensors5,6 and transducers7,8 to higher
level quantum networks9 suitable for quantum communica-
tions, quantum simulation and computing10. Among all the
flourishing quantum systems, Rydberg atoms are widely re-
garded as a valuable building block11,12 for these technologies
because of their strong coupling to external electromagnetic
fields13 and tunable interactions14,15.
Powered by laser cooling and coherent spectroscopy tech-
nologies16,17, Rydberg atoms have demonstrated great poten-
tial in areas ranging from classical microwave18,19 and THz-
wave field sensing and detection20–22 to the production of non-
classical states of light23 and readout mechanisms, such as
single-photon source24,25, photonic phase gates26, etc.
Among different working platforms, ranging from ultra
cold and ultra high vacuum systems to room-temperature chip
scale devices, vapor-cell-based technologies27–30 have gained
significant attention over the past few decades31. In these
types of devices, Rydberg atoms are directly prepared from an
ensemble of ground state atoms at moderate vapor pressures
inside dielectric environments (borocilicate glasses or quartz)
near room-temperature. These Rydberg atoms can be ex-
cited and proved either by cw multi-level electromagnetically-
induced-transparency (EIT)32,33or through pulsed nonlinear
spectroscopy schemes such as four-wave-mixing34,35.
These devices demonstrate amazing isolation to environ-
mental DC electric fields outside the cell32,36. These fields
are generally not known but could be very large due to ran-
dom electrostatic build up. The DC field isolation is an es-
sential prerequisite for radio frequency (RF) and microwave
sensing37,38. On the other hand, for applications such as Stark
tuning of Rydberg transitions, the manipulation and control
of electric fields inside the cell is necessary. By introducing
metallic bulk electrodes39or thin-film ITO electrodes40 to ap-
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ply fields, researchers have shown enhanced capabilities of
such devices.
In this work, we peform an experiment in which DC elec-
tric fields are produced within the dielectric enclosure with-
out using bulk or ITO electrodes. The method presented here
may enhance the functionality of the devices while still uti-
lizing the simple structure of electrode-free dielectric vapor
cells. In addition, for applications such as RF and microwave
sensing where stray DC electric fields will limit the sensitivity
of the device41,42, a detailed understanding and characteriza-
tion of the DC fields inside glass-only vapor cells is neces-
sary, especially when miniaturized devices are required. In
such devices, Rydberg atoms start to interact with the device
enclosures43,44 either though quasi-static or retarded image
charge interactions or by resonant Rydberg-surface plasmon
coupling45.
Inside Rydberg-atom-enabled vapor-cell devices, extra
charges are ubiquitous46–48. Volume or surface charges can
exist inside or on the inner surfaces of the enclosure. These
charges may originate directly from Rydberg atoms through
blackbody or laser induced photoionization and collision pro-
cesses (Penning ionization)49, and can produce volume and
surface charge densities through ambipolar diffusion. Due to
atomic aggregate layers on the dielectric surface, free charges
can also be induced by nonuniform heating (akin to a Seebeck
effect)50 and laser illumination (photoelectric effect)51, lead-
ing to surface charge layers. Active control of these charging
mechanisms can be used to control of the electric fields inside
vapor-cell devices, and improve the Rydberg atom response
in specified applications. In this paper, we show experimen-
tal evidence that both Penning ionization and Seebeck-like ef-
fects can be suppressed and, at the same time, a photoelectric
effect can be used to produce a controllable DC electric field.
We also show good agreement between the measured elec-
tric field distributions and solutions of electrostatic boundary-
value problems (where the geometrical effects of the enclo-
sure boundaries are included).
II. EXPERIMENTAL SETUP
In order to investigate the electric field distributions inside
an all-glass (borosilicate in our setup) vapor cell, DC-Stark
shifts are measured through EIT resonances of a Rydberg
state. The Stark shifts are mapped out as a function of position
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FIG. 1. Illustration of our experimental setup. A small part of the
translation stage between the optical table and breadboard is seen in
yellow. The insert shows measured optical beam waists (1/e drop-
off radii of the laser electric fields) of both probe and coupler beams.
Two dashed lines indicate the positions of the vapor cell windows in
the z direction. The probe laser frequency is stabilized and 27MHz
blue-detuned from the 87Rb 5S1/2,F = 2 to 5P3/2,F = 3 transition.
along the x direction by translating the EIT channel across the
vapor cell, as illustrated in Fig. 1.
An 9 mm-long and 8 mm-I.D. cylindrical glass vapor cell
filled with a natural mixture of Rb vapor (part number VTC-
11/9-10/8 from Rydberg Technologies Inc.), is placed inside
a magnetic-field-shielding package. There are two 10mm by
5mm apertures in both end-caps of the enclosure, which al-
low us to illuminate the cell walls with a 453-nm laser beam
and to introduce the EIT beams. The vapor cell package is
fixed to the optical table with a post that goes through a cutout
in an optical breadboard on which the EIT beam optics are
mounted. A translation stage connecting the breadboard and
optical table is used to translate the EIT probe region within
the vapor cell relative to the cell walls.
Both the probe and coupler beams of the EIT channel are
launched from single mode polarization maintaining fibers
on the breadboard. The beam sizes are chosen such that we
achieve the best spatial resolution under the condition that
the Rayleigh length matches the vapor cell length. Measured
beam sizes are plotted in the insert of Fig. 1.
The 453-nm photoelectric illumination beam is sent into the
cell via a periscope mounted on the optical table, which allows
us to adjust position of the beam relative the vapor cell. The
beam size can also be adjusted via apertures (not shown in
Fig. 1) placed before the periscope.
This setup provides an adjustable illumination configura-
tion of the vapor cell. Further the EIT channel position can
be translated relative to the cell along the x direction, while
maintaining a good overlap between the EIT probe and cou-
pler beam. However, due to some warping of the vapor cell
windows, slight position mismatch between probe and cou-
pler beams is expected. This mismatch is largest when the
EIT channel is brought close to the vapor cell windows edges,
where the warping occurs. This limits the EIT probing range
shown in Fig. 2 along x direction to about 6 mm, which is
about 3/4 of the inner diameter of the cell.
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FIG. 2. DC Stark maps of Rb 60D measured by Rydberg EIT spec-
troscopy for single-sided (a) and double-sided (c) illumination of the
cell walls with 453-nm laser light. The probe transmission is dis-
played on a linear gray scale, ranging from ∼ 67% (white) to ∼ 69%
(black). In our setup, the strongest EIT lines correspond to a reduc-
tion of the absorption coefficient by∼ 7%. DC Stark shifts of 60D5/2
and 60D3/2 sub-levels give rise to the strongest signal branches.
Weak EIT signals from the intermediate 5P3/2 hyperfine sub-levels
F = 2 can also be discerned32. The probe- and coupler-laser polar-
izations and the DC electric-field direction are indicated. Panels (b)
and (d) show respective simulations, with the insets showing profiles
of the electrostatic potentials on a linear gray scale ranging from 0
(black) to fitted valuesV0 (white). The white regions on the perimeter
correspond to the illuminated segments of the cylindrical cell wall.
Horizontal arrows indicate the relative position between the vapor
cell and probe range achieved in this work. Poor flatness on the
edges of the vapor cell windows prohibits further extension of the
probe range. The vertical lines indicate the geometric center of the
vapor cell in x direction.
III. DC ELECTRIC FIELDS CREATION AND MAPPING IN
ALL GLASS VAPOR CELL
In order to achieve a high EIT signal to noise ratio
the magnetic-field-shielding package is uniformly heated to
40 °C. The cell walls are then illuminated by the 453-nm laser
beams to create photoelectric charges inside the cell. The EIT
resonances of the 60D states of 87Rb are then mapped out
as function of position of the EIT probe along x direction.
The Rydberg EIT resonances clearly demonstrate position-
3dependent DC Stark shifts. Two such DC Stark maps are
shown in Fig. 2 (a) and 2 (c), corresponding to two different
photoelectric illumination conditions. Somewhat surprisingly,
the Stark-split lines remain quite narrow up to considerable
electric field strength, indicating a simple electric field struc-
ture that is homogeneous along the z direction.
In Fig. 2 (a), the 453nm beam is shifted to the side of the
entrance aperture, so that it illuminates only one side of the
cylindrical cell wall, and the illumination of the flat cell win-
dows is negligible. In Fig. 2 (c), the 453nm beam is centered
on the aperture and the beam size is expanded to 12mm by
12mm before being launched from the periscope. In this case,
both sides of the cylindrical cell wall are uniformly illumi-
nated, as well as parts of the cell windows. In both cases, the
top and bottom parts of the cell are not illuminated because of
the 5-mm height of the optical-access slit in the cell enclosure.
In order to quantitatively understand the experimental data,
we numerically simulate the density matrix by solving Mas-
ter Equations based on measured optical and geometrical pa-
rameters, similar to the procedure described in Ref.52. This
model includes the position-dependent Rabi frequencies in
the gaussian EIT beams (see inset of Fig. 1) and position-
dependent Stark shifts of the atomic energy levels due to the
non-uniform volume-distribution of the electric fields inside
the cell. The absorption coefficient of the probe laser is cal-
culated by using the position-averaged density matrix over all
three dimensions. The simulated EIT probe beam absorption
signals, shown in Fig. 2 (b) and Fig. 2 (d) for both illumina-
tion scenarios, are then obtained from Beer’s absorption law.
The only unknown parameter in this model is the electric field
distribution.
IV. DC ELECTRIC FIELD MODEL
The electric potential inside the cell is determined by solv-
ing the Laplace equation numerically with Dirichlet bound-
ary conditions on the inner surfaces of the cell walls. These
boundary conditions simulate the steady state of the photo-
electric processes inside the vapor cell. We assign a fixed
nonzero potential V0 to the area that is illuminated by the
453-nm laser, whereas the dark regions of the cell walls are
set to zero potential. We also assume that there are no free
space charges inside the cell. A detailed discussion follows in
Sec. V. A sketch of the model for the simulations in Fig. 2 (d)
is depicted in Fig. 2 (c) (V0 = 0.15 V). It should be noted that
V0 is the only free parameter in this model that we use to fit
the experimental data.
A second way of obtaining the potential is to perform a se-
ries expansion of the potential in a volume-charge-free cylin-
drical volume with end-caps53. The result for single sided
illumination, used in Fig. 2 (b), is shown in Eq. 1; the best
fit value for the surface potential is V0 = 0.33 V in this case.
We use numerical solutions of the Laplace equation and series
expansions interchangeably; the results of both methods have
been cross-checked for consistency.
V (ρ,φ ,z)=
∞
∑
m=1
∞
∑
n=odd
8V0
mnpi2
Im(npiρ/L)
Im(npiR/L)
sin
[
m tan−1
( w
2R
)]
sin
(
npi
z
L
)
cos(mφ)+
∞
∑
n=odd
4V0 tan−1[w/(2R)]
npi2
I0(npiρ/L)
I0(npiR/L)
sin
(
npi
z
L
)
(1)
We find that the electric fields are relatively uniform in
magnitude and direction within the EIT probe region, for both
scenarios shown in Fig. 2 (a) and Fig. 2 (c). The electric-field
lines on the shaded cross section in Fig. 3 (c) are plotted in
Fig. 3 (d) for the case of double-sided illumination scenario.
The electric field exhibits the expected quadrupole character-
istics in most parts of the cell, and within the EIT probe re-
gion, the field is fairly uniform.
The direction of the DC electric field is verified by changing
the polarization direction of the coupler beam from perpendic-
ular (as shown in Fig. 3 (a)) to parallel ( Fig. 3 (b)) relative to
the DC electric field. In the case of vertically polarized cou-
pler beam, the atoms see an effective superposition of left- and
right- circular polarized light relative to the x quantization axis
(direction of DC electric fields).This allows a much stronger
m j = 5/2 component in the EIT spectrum (Fig. 3 (a)) compare
to the case in Fig. 3 (b).
V. DISCUSSION SECTION
Using only one unknown parameter V0, the model devel-
oped in Sec. IV describes the electric-field distributions in-
side the cell relatively well. The electric potential generated
by the photoelectric processes on the surfaces of a material is
generally related to the energy difference between the incident
photon energy (in this work, 453-nm photon has a energy of
2.74eV) and the work function of the surface. In our work,
surface potentials in the range of a few hundred millivolts fit
the experiment results best. Due to the complex composition
of the glass materials and thin Rb atomic layers (aggregates)
deposited on the inner surface of the glass cell, precise deter-
mination of the work function and charge affinity of such sur-
faces is nontrivial (see reference54 and citations therein) and
lies outside the scope of this work. Nevertheless, several other
(surface / free-space) charge generation mechanisms can also
play a role in vapor cell Rydberg-EIT experiments, such as
Penning ionization of Rydberg states, Seebeck effects , etc.
In Fig. 4, the rms electric field strengths along the EIT probe
propagation direction z is measured as a function of incident
power of the 453-nm beam. Fig. 4 shows that for a wide range
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FIG. 3. Measured DC Stark maps for the double-side illumination
scenario when EIT coupler beam polarization is vertically aligned
in the y direction (a) and horizontally aligned along the x direction
(b). (c) Geometric model for the vapor cell used in the simulations.
R is the inner radius of the cell. L is the inner cell length, and w is
height of the aperture on the magnetic field shielding end caps. In our
electrostatic model, the illuminated portions of the cell walls (which
are sandwiched between the two horizontal planes separated by w)
are assigned a boundary potential value of V0, the only fit parameter
in our model. The electric field lines on the gray cross section are
plotted in (d). Vertical lines in (a), (b) and (c) indicate the symmetry
axis. (d) Electric field lines on the gray cross section in (c). The
horizontal solid line indicates the probe range shown in (a) and (b).
(more than one order of magnitude change) of power investi-
gated, the rms electric fields vary only moderately, suggesting
that the photoelectric charging effect is almost saturated even
at lowest power used.
The other well known charge generation mechanism is Pen-
ning ionization and blackbody ionization of Rydberg atoms.
This process can be adjusted by varying the power of the EIT
beams. We do not observe significant changes in the DC elec-
tric field strength in the cell. (The power of both probe and
coupler beams are nevertheless kept as low as possible in this
work in order to achieve low power broadening and hence bet-
ter spectral resolution.) These observations motivate us not to
include spatial charges in our model. The results also suggest
that the photoelectric effect on the cell walls is the only major
source of the charges in the present work.
We observe a decrease in electric field strength when a sec-
ond 780-nm beam is introduced into the system and over-
lapped with the 453-nm beam (see supplementary materials).
The second 780-nm beam is tuned into resonant with 85Rb iso-
tope hence does not interfere with our 87Rb EIT probe beam.
We believe additional charges are injected into environment
caused by the direct photoionization of Rydberg states using
the energy provided by the 780-nm and 453-nm photons. The
details of the mechanism are not the focus of this work and
are subject to future investigation.
It should be noted that the electric fields predicted by our
model decay, as a function of position in x direction, some-
what faster than fields measured in the experiment near the
zero fields region for all photoelectric illumination conditions
tested. This behavior is also observed for different cell tem-
peratures. This faster decay is not a result of underestimating
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FIG. 4. Measured rms value of the electric field strength as a function
of the power of the 453nm photoelectric excitation beam for the sin-
gle side illuminated scenario. Different color traces represent differ-
ent EIT probe position along x direction. The electric field strength
is obtained by matching the measured coupler beam detuning to the
calculated Rydberg DC stark shifts using a large Rydberg states ba-
sis sets and direct diagonalization method. Due to the finite length
of the cell, the coupler beam detuning reflects the average along the
EIT propagation direction, hence the rms fields strength for fixed y
and x position. For different probe positions in the x direction, the
fields demonstrate strong saturation behavior. The slight decreasing
at high power range for x around zero position is due to the compa-
rable line-width of EIT transmission peak and DC stark shifts.
parameter V0 and cannot be explained by taking an average of
EIT beam direction along the cell length.
We relate these observed differences to three possible
causes. The first one relates to the accuracy of geometric di-
mensions of the vapor cells. For example, the inner surface
geometry of the small nipple is not included in the model. The
second relates to the underestimation of the illuminated sur-
face area on the cell wall. In the model, this area is restricted
by the aperture size of the magnetic field shielding package.
Due the diffraction of 453-nm beam on the edges of the aper-
ture, the real illuminated area on the cell wall can be larger.
The third reason may relate to the non-negligible free spacial
charge shielding generated by the EIT probe beam itself when
it is probing the near zero fields created by the surface charges
on the wall.
VI. CONCLUSION
In this work, we have investigated the DC electric fields
generated by the photoelectric process on the inner surfaces
of the glass vapor cell by introducing a 453-nm beam. The
field distributions are mapped out using Rydberg-EIT spec-
troscopy. Although detailed characterization of the photoelec-
tric effects on the cell inner surface is non-trivial, we have
developed a simple phenomenological model that has repro-
duced the measured electric fields quite well.
5The ability to understand and manipulate the local electro-
magnetic fields is critical for developing miniaturized vapor
cell based devices. The characterization of spurious photo-
electric effects on the cell walls is important to avoid stray
electric fields inside the cell. On the other hand, the effect
described in this paper can also be used to Stark-tune Ryd-
berg transitions in vapor cells without the use of electrodes
inside the cell. This functionality would allow to frequency-
tune Rydberg-atom-based detectors and receivers using a laser
for electric-field and Stark shift control.
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